The growth of 122 and 11 iron-based superconductor single crystals and the influence of doping D P Chen and C T Lin -Europium-based iron pnictides: a unique laboratory for magnetism, superconductivity and structural effects
Introduction
The discovery of high-temperature superconductivity in the layered iron-pnictide materials [1] has generated great excitement within the strongly correlated electron community. While research into the pnictides is still ongoing, one of the central results has been the intimate connection between superconductivity, magnetism and the lattice structure. Thus to explain how superconductivity emerges in these materials, one must understand the interaction between these three degrees of freedom. To date superconductivity has been identified in several groups of pnictides which have related structures [1] [2] [3] [4] . For the majority of these systems, the parent compounds exhibit a spin-density wave antiferromagnetic order at low temperatures, although there are some exceptions [3, 4] . In most cases the magnetic ordering is either preceded or accompanied by a structural phase transition, where the crystal lattice changes from a high temperature tetragonal to a low temperature orthorhombic structure. Upon chemical substitution the ordering temperatures of both transitions are suppressed, and in some cases superconductivity is induced. The archetypal class of pnictide superconductors are derived from parent compounds with the chemical formula: MFe 2 As 2 (M = Ca, Sr, Ba), and are commonly known as the 122 compounds. For this structural class, superconductivity has been identified with substitution on all three atomic sites [2, [5] [6] [7] [8] [9] , or through the application of hydrostatic pressure [10, 11] . In addition, superconductivity has also been induced by the application of epitaxial strain in thin films of BaFe 2 As 2 [12] . There has already been a significant amount of research conducted into the nature of the structural and magnetic phase trans itions in these compounds. For CaFe 2 As 2 and SrFe 2 As 2 , the consensus is that the phase transitions are concurrent in temper ature, and can therefore be thought of as a single first-order magnetostructural transition [13] [14] [15] . The case of BaFe 2 As 2 is more complex however; there have been reports of these phase transitions being both first [16] and second-order, or at least nearly so [17] . Of particular relevance is the previous research conducted by the authors of this paper [18] , where high resolution heat capacity, resistivity and x-ray diffraction measurements were taken on a BaFe 2 As 2 single crystal, that had been wrapped in tantalum foil and annealed in a low pres sure argon atmosphere at 700 °C. Results showed that anomalies observed in the resistivity and heat capacity were raised in temperature from 135.4 K to 140.2 K after 30 d of annealing. Measurements of the sample's residual resistivity ratio (RRR) showed a consistent improvement with annealing time. This result was confirmed by a later work where BaFe 2 As 2 single crystals were annealed in a BaAs powder [19] . Returning to our previous research [18] , heat capacity measurements on the as grown sample showed a peak in C/T that is consistent with a first-order transition. Furthermore, the 30 d of annealing caused the peak to increase and sharpen in temperature. To corroborate this interpretation, high resolution x-ray diffraction measurements of the structural phase transition were performed on the sample after 30 d of annealing. The x-ray measurements showed that upon cooling the orthorhombic distortion initially appeared as a continuous splitting of the tetragonal reflection. At a slightly lower temperature this continuous splitting was interrupted by the abrupt appearance of a second set of orthorhombic reflections, whose positions remain approximately constant. As the sample was cooled further, the first set of reflections were rapidly suppressed; their positions continued to move outwards, but never merged with the second set of reflections. This important result suggests that the structural phase transition in 30 d annealed BaFe 2 As 2 begins as second-order, but evolves into a first-order transition upon lowering of the temperature. It was speculated that the driving force behind this evolution is the formation of the antiferromagnetic order [18] . This unusual structural phase transition was confirmed in an as grown sample of BaFe 2 As 2 by Kim et al [20] , who also conclusively showed that the discontinuous jump in the structural phase transition's order parameter does indeed correspond to the appearance of the antiferromagnetic order. Thus over a small temperature range it is proposed that BaFe 2 As 2 exists in a phase which has an orthorhombic structure, but is paramagnetic. Furthermore, Kim et al performed similar x-ray measurements of the structural order para meter in Ba(Fe 1−x Co x ) 2 As 2 and Ba(Fe 1−x Rh x ) 2 As 2 . For the Co-substituted compound, a tricritical point wherein the two phase transitions become completely separated and the magn etic phase transition becomes second-order, was identified at a doping level of ≈ x 0.22. This result was later confirmed by separate resistivity measurements [21] .
There is therefore a subtle difference in the structural and magnetic ordering temperatures in BaFe 2 As 2 , although they are still strongly coupled to one another. This has been demonstrated by mean-field calculations of the free energy, which show that the structural phase transition is not due to an intrinsic structural instability, but instead arises from magnetoelastic coupling to an Ising-nematic degree of freedom of the magnetic ground states [20] . What is more, the inclusion of an anharmonic term to the elastic free energy was shown to reproduce the phase diagram of Ba(Fe 1−x Co x ) 2 As 2 by solely changing the material's elastic properties. Specifically, an increase in the bare shear modulus leads to a suppression of the two phase transition temperatures and causes them to diverge. Initially the structural transition is second-order and the magnetic transition is first-order, with its onset causing the discontinuity in the structural order parameter. Upon a further increase of the bare shear modulus, the magnetic transition also becomes second-order, creating a tricritical point. Interestingly, the model also predicts that reducing shear modulus will cause the two phase transitions to increase in temperature, finally becoming concurrent and first-order [20] . Since annealing offers a clean method to change the structural and magnetic ordering temperatures, and possibly their separation, it affords a good opportunity to search for changes in the coupling between the two phase transitions. Furthermore, it is important to study the limiting behaviour of extended annealing periods, as it might allow for the access of regions of the BaFe 2 As 2 phase diagram that have not yet been measured.
In addition, while it has been shown that annealing has a substantial effect on the structural and magnetic ordering in BaFe 2 As 2 , it is still not understood what effect it has at the microscopic level. For example, is the main effect of annealing to remove defects and other impurities which act as a chemical dopant? Or does annealing cause changes in the effective pressure within the crystal?
In order to answer these questions, we have undertaken a number of x-ray diffraction and magnetic susceptibility measurements on a single crystal of BaFe 2 As 2 that was annealed for a cumulative period of 46 d. In addition, high resolution x-ray diffraction measurements of the structural phase transition in as grown, and after 30 and 46 d of annealing were also taken. Since neutron diffraction is unable to resolve the jump in the structural phase transition [17] , these high resolution x-ray diffraction measurements offer a method to accurately determine the separation in ordering temperatures. A full description of these measurements is given in section 2, while the experimental results are shown in section 3. Finally this work is discussed in section 4, and the conclusions are given in section 5.
Experimental details
A single crystal of BaFe 2 As 2 was grown using the self-flux method [22] . In order to prevent the absorption of oxygen during the annealing process, the crystal was wrapped in tantalum foil (a getter that readily combines with oxygen), and placed inside a quartz tube that was filled with argon gas. The tube was then evacuated using a combined roughing and turbo pump set-up. The pumping was continued until a pres sure level of less than × − 1 10 5 mbar was displayed, after which the tube was immediately sealed. The sample was then annealed at 700 °C for cumulative periods of 22, 30 and 46 d. X-ray diffraction measurements of the room temperature lattice parameters, and magnetic susceptibility measurements of the phase transition(s), were taken on the sample as grown and after each annealing period. The magnetic susceptibility measurements were taken with a Quantum Design Magnetic Property Measurement System (MPMS), with a magnetic induction of 5T, parallel to the sample's a-b crystallographic plane. The susceptibility was recorded upon cooling through the phases transition(s) at intervals of 0.25 K. The x-ray diffraction measurements of the (0 0 4), (0 0 8) and (0 0 12) reflections were taken using a X'Pert pro four-circle diffractometer, with a monochromated Cu-α 1 source. High resolution x-ray diffraction measurements of the structural phase transition were taken at beamline 7-2, Stanford Synchrotron Radiation Laboratory, on the sample as grown and after 30 (3 3 18) T reflection did not show a clean single peak in the tetragonal phase. Since this scan is not completely perpendicular to the crystal mosaic arc, it is likely that the degradation in crystal mosaic quality of the 46 d annealed sample is responsible for this effect. By contrast the (2 2 1 6) T reflection, where the [1 1 0] reciprocal lattice scan is more perpendicular to the crystal mosaic arc, showed single peak in the tetragonal phase. Therefore the splitting of this reflection was measured in the 46 d annealed sample. It should be noted that previous measurements of the structural phase transition in BaFe 2 As 2 studied the splitting of (2 2 L) or (1 1 L) type reflections [18, 20] . Therefore measurements on the (2 2 16) will still be able to resolve the unusual splitting of the peak, if it is present. These reciprocal lattice scans were taken as the temperature was decreased from 160 K to a base temperature of 80 K. Close to the structural phase transition, measurements were taken at temperature steps of 0.1 K. A rest period of at least 4 min preceded each scan, this ensured that the measured temperature fluctuations were less than 0.025 K.
Experimental results
The process of annealing causes the crystals to dull. To determine if this effect is indicative of a change in chemical composition, wavelength dispersive x-ray spectroscopy measurements were taken after each annealing period. Results showed that annealing produced no change in the Ba:Fe:As elemental ratio and did not lead to the inclusion of Tantalum.
Annealing induced changes in the magnetic susceptibility
In order to examine the effects of annealing on the magnetic properties of BaFe 2 As 2 , magnetic susceptibility measurements were taken on a single crystal sample as grown and after each annealing period. Figure 1 (a) shows these measurements across the phase transition(s), where the results have been normalized to allow for an easy comparison. The figure shows a step in the magnetic susceptibility that is indicative of a phase transition(s). Annealing raises the temperature of the phase transition(s) from 135.3 K in the as grown sample to 139.8 K after 46 d of annealing. The trans ition temperature(s) for the sample after 46 d of annealing is slightly lower than the value previously reported in a 30 d annealed sample (140.2 K) [18] . However the important point is that post growth annealing raises the temperature of the phase transition(s) in BaFe 2 As 2 . To further investigate the effects of annealing on the nature of the phase transition(s), we have
is known to mimic the heat capacity of both the magnetic and structural phase transitions in the 122 compounds [21, 23] . Thus we are able to make an approximate comparison to our previous heat capacity measurements [18] , however the establishment of a precise quantitative comparison between these two sets of measurements is beyond the purpose of this study. Like our previous heat capacity measurements, figure 1(b) shows that annealing for long periods causes the peak in ( ) ( ) χ ∂ ∂ T T / to sharpen. Similar magnetic susceptibility measurements taken on Ba(Fe 1−x Co x ) 2 As 2 show that the main peak in ( ) ( ) χ ∂ ∂ T T / arises from the magnetic phase transition, while a shoulder on the high temperature side of the peak represents the structural phase transition [21, 23] . Our susceptibility data appear as a single peak for all annealing periods, indicating the absence of a distinguishable shoulder feature that would correspond to the structural transition. Therefore it is likely that the peak in figure 1(b) corresponds to the first-order magn etic phase transition. However if the structural transition does contribute to the weight of the susceptibility anomaly, as is the case in lightly cobalt-substituted samples [21, 23] , then the sharpening of the anomaly is not inconsistent with the results of our x-ray diffraction measurements, namely that the separation between the magnetic and structural transition temperatures decreases with annealing until they converge.
Annealing induced changes in the c-axis lattice parameter
An investigation into the variations of the lattice parameters might provide useful information into how the process of annealing is modifying this material, and also serve as a benchmark to compare sample quality across studies. To this end, room temperature x-ray diffraction measurements of the outof-plane reflections: (0 0 4), (0 0 8) and (0 0 12), were taken in the same single crystal, as grown and after each annealing period. Figure 2 shows longitudinal scans across the (0 0 8) reflection for the different annealing periods. The reflections were fitted using a non-linear least squares analysis with a Gaussian function. This fit profile was chosen because it gave a better agreement to the data than a Lorentzian or Lorentziansquared profile. The figure shows that annealing has three effects. First, it causes the reflection's intensity to decrease; this may be linked to the crystal becoming duller and/or an increase in crystal's mosaic spread with annealing (see section 2). Second, annealing periods of less than or equal to 30 d cause the 2θ angle of reflection to increase, revealing that the c-axis lattice parameter contracts. Although it should be noted that this reduction in the c-axis is quite small. The reduction in FWHM of these reflections indicates an increase of the correlation length, thus suggesting that annealing causes an improvement of the sample's crystallinity. However the intrinsic diffraction profile of a Bragg reflection is normally Lorentzian in nature. Therefore the Gaussian profile that we see in our measurements indicates that there are other significant factors, such as the diffractometer's resolution function, that affect the peak's shape. As such it is difficult to make a definite conclusion as to the reason for this reduction in width.
Annealing induced changes as seen with x-ray measurements of the structural phase transition
The final part of this section will focus on any annealing induced changes in the coupling of the structure to the magnetism. In order to study this, we have performed high resolution synchrotron x-ray diffraction measurements of the tetragonal to orthorhombic structural phase transition in as grown, and after 30 and 46 d of annealing. Since the second to first-order jump in the structural phase transition is due to the on-set of the antiferromagnetic order [20] , these x-ray diffraction measurements should provide information on subtle changes in the nature, temperature and coupling of the structural and magnetic phase transition. Measurements taken on the sample as grown and after 30 d of annealing both exhibit the now familiar structural phase transition: upon cooling the tetragonal reflection broadens and then splits. At a slightly lower temperature, a second set of (outer) reflections suddenly appears. The positions of these outer reflections are only weakly temperature dependent, although their intensity increases with decreasing temperature. Upon a further decrease in temperature the first set of reflections is rapidly suppressed, while their positions continue to separate, they never merge with the second set of reflections. An example of this phase transition is given in figure 3 , which shows the (3 3 18) T tetragonal reflection splitting into the (6 0 18) O and (0 6 18) O orthorhombic reflections. These measurements were taken on the sample after 30 d of annealing.
By contrast the structural phase transition after 46 d of annealing appears to be purely first-order to at least 0.1 K. This result is given in figure 4 , which shows the evolution of the (2 2 16) T tetragonal reflection into the (4 0 16) O and (0 4 16) O orthorhombic reflections upon cooling. Here the continuous splitting of the tetragonal reflection was not observed, instead a set of first-order orthorhombic reflections appear abruptly at 138.7 K (for example see figure 4(b) ). Upon a further decrease in temperature, the intensity of these reflections increase but their position remains approximately constant. Simultaneously, the intensity of the tetragonal reflection decreased, but no significant change in position or width of this reflection was detected. It should be noted that the value for T S is slightly less in the sample after 46 d of annealing than after 30 d of annealing (see table 2 ). However this disparity is small and likely due to a difference in the thermal contact between the sample and cold finger on the two occasions the sample was measured.
To emphasize the effects of different annealing times, we have plotted the structural order parameter:
O , close to the phase transition in figure 5 (a). Figure 5 (b) displays the FWHM of fits to the tetragonal reflection for temperatures just above structural phase transition in the sample as grown and after 30 d of annealing. For comparison, the structural order parameter of as grown SrFe 2 As 2 is plotted in figure 6 . These measurements Annealing 
Note:
Here T S is the temperature where the continuous splitting of the tetragonal reflection is first detected. The value in the square brackets is the temperature where the broadening of this reflection is first detected. T N is the temperature where the continuous splitting of tetragonal reflection is interrupted by the appearance of the second set of orthorhombic reflections. − T T S N is the difference in temperature between the first appearance of the continuous splitting of tetragonal reflection and the appearance of the second set of orthorhombic reflections. The value in square brackets is the difference between the initial broadening of the tetragonal reflection and the appearance of the second set of orthorhombic reflections. Finally, ∆T S is the difference in temperature between T N and the disappearance of the inner set peaks (as grown and 30 d annealed), or the tetragonal peak (46 d annealed).
were taken under the same experimental conditions as for BaFe 2 As 2 . The figure shows that the structural phase transition is first-order in SrFe 2 As 2 and similar in nature to BaFe 2 As 2 after 46 d of annealing. Therefore it seems that the structural phase transition in as grown BaFe 2 As 2 is unique in the 122 parent compounds [13, 14] .
It is important to note that annealing does not cause a change in the final value of δ (see figure 5(a) ). Thus annealing does not affect the final orthorhombic distortion, just its onset temperature. In addition, the study by Kim et al [20] has shown that the jump in the structural order parameter corresponds to the onset of the antiferromagnetic order. Therefore the difference between the temperature of the initial splitting of the tetragonal reflection, and the appearance of the second set of orthorhombic reflections, can be interpreted as the difference between the structural and magnetic phase transition temperatures, this is shown the third column in table 2. Initially the difference between ordering temperatures is 0.8 K, or 1.4 K if one defines the broadening of the tetragonal reflection as the start of the structural phase transition. After 30 d of annealing, the difference in ordering temperatures is reduced to 0.3 K, or 1 K if again one includes the broadening of the tetragonal reflection. Because the structural phase transition after 46 d of annealing is completely first-order, we believe that annealing for this length of time causes the magnetic and structural ordering temperatures to converge to within at least 0.1 K. It is also worth mentioning that the temperature range of coexistence between the two sets of reflections, shown in the fourth column of table 2, decreases with annealing time. For example, the inner and outer peaks coexist in the as grown sample over a range of 1.8 K, but the corresponding value in the sample after 46 d of annealing is reduced to 0.8 K.
At this point it should be noted that the ordering temper atures given in table 2 are slightly lower than the ordering temperatures indicated by the magnetic susceptibility (figure 1). Likely explanations for this inconsistency include slight differences in the calibrations of the respective thermometers, and their distance to the sample. The main point, however, is that like the magnetic susceptibility measurements, these x-ray measurements show that annealing increases the ordering temperatures of the phase transitions. Thus the changes in the transition temperatures with annealing observed in our study, and the character of the structural order parameter in the sample as grown and after 30 d of annealing, are consistent with the previous studies [18, 20] .
Discussion
We have shown that annealing of BaFe 2 As 2 at 700 °C over an extended period of time causes the structural and magnetic phase transitions to increase and converge in temperature. This culminates after 46 d of annealing where the two phase transitions are coincident in temperature to at least 0.1 K. The present study also confirms that the two phase transitions are separated in temperature in as grown samples, which did not involve a decanting step in the crystal growth process [20] . In contrast, the structural phase transition in as grown SrFe 2 As 2 is purely first-order in nature, indicating that the two phase transitions are concurrent in the compound. Therefore the separation in temperature of the two phase transition is likely to be intrinsic and unique to as grown BaFe 2 As 2 , and thus the effects of annealing may also be unique. It has already been demonstrated that the magnetic transition is first-order in the parent compound, but crosses over to second-order at a tricritical point as a function of chemical substitution [20, 21] . Here we have the result that the structural transition is first-order for the long-time (46 d) annealed sample, but is second-order in either as grown samples or with shorter annealing times. Therefore it seems that the structural phase transition line also has a tricritical point, albeit one which arises from the strong magnetoelastic coupling to the magnetic phase transition. As we have stated in section 1, this result was predicted by mean-field calculations as a consequence of a reduction in the bare shear modulus [20] . Thus this result can be explained by annealing inducing changes in the elastic properties of BaFe 2 As 2 , without the need to change the strength of the magnetoelastic coupling. This argument is supported by the fact that annealing does not change the size of the orthorhombic distortion (δ).
We now return to the question of the effect of annealing at the microscopic level in BaFe 2 As 2 . The simplest scenario is that annealing modifies the concentration of a certain defect species, such as site disorder, dislocations, vacancies or interstitial species, which mimic the effects of chemical substitution. It is not unreasonable to postulate that such impurities may have a similar effect on the elastic properties of BaFe 2 As 2 to that of low levels of chemical substitution, for example lightly doped Ba(Fe 1−x Co x ) 2 As 2 . This explanation is supported by the improved crystalline quality of long timed annealed BaFe 2 As 2 crystals, as shown by our previous measurements which give an increase in the RRR values with annealing [18] , and our current measurements which show the reduction in the temperature range of coexistence between the two set of orthorhombic reflections (the final column in table 2), and the reduction in FWHM of the (0 0 L) reflections as shown in section 3.2. In addition, for a first-order phase transformation, the suppression of the phase transition temperature is a hallmark of quenched disorder: the transition temperature of a first-order transition is suppressed in the presence of disorder due to the finite energy of forming domain walls [24] . Thus the increase of T N could be taken as evidence that, at the least, the disorder is homogenized in annealed samples. Even slight amounts of disorder can cause the phase transition to round, and lower the latent heat of the transition. Therefore the increase and sharpening of the magnetic phase transition with annealing (see section 3.1 and [18] ), could be explained by the removal of defects.
Another possibility is that oxygen or water is introduced to the system by repeated annealing and exposure to the ambient environment during the course of the x-ray and susceptibility measurements. However this hypothesis seems to be at odds with published research. For instance, the absorption of oxygen in BaFe 2 As 2 has been shown to suppress T S and/ or T N , and cause these phase transitions to round [25] . This result, combined with the fact the tantalum is a well-known getter, indicates that such impurities are not being introduced by the annealing process. Although studies of the effects of annealing without tantalum would provide further insight on this issue. Although we cannot specify the types of defects and impurities present in our samples, we suggest that their elimination by annealing may correlate with the trends described in this paper.
Another possible mechanism which may be responsible for the evolution of T S and T N involves reorientation of the excess FeAs flux within the crystal; for Ca(Fe 1−x Co x ) 2 As 2 [26, 27] it was suggested that nanoscale precipitates with compositions close to that of the flux effectively induce hydrostatic pressure on the quenched crystals. The solubility of the flux, and hence the effective pressure induced by the precipitates are then proportional to the temperature from which the crystals are quenched. If this model were applicable for BaFe 2 As 2 , we would expect the annealing process to reduce the effective pressure on the crystals, since the annealing temperature (700 °C) is lower than that of the final reaction temperature of the as grown crystals (900 °C). Work by Saparov et al has suggested that annealing of BaFe 2 As 2 and SrFe 2 As 2 crystals does produce a pressure-like effect [28] . Specifically, resistivity measurements showed that annealing at 350 °C induces a larger increase in the transition temperatures, when compared to annealing at 700 °C. However it should be noted that this previous research was studying changes due to variations in the annealing temperature, whereas the research described here is studying changes due to the annealing period. Therefore the effects of the two annealing processes may not necessarily be the same.
While it is possible that annealing leads to a change in the effective pressure, the results we report here are inconsistent with studies in which an external pressure, either hydrostatic or uniaxial, is applied. In brief, an increase in hydrostatic or uniaxial pressure along the c-axis could explain the compression of the c-axis lattice parameter. However for both cases the increase in pressure leads to a suppression of T S and T N [29, 30] . By contrast, the application of compressive or tensile stress within the ab-plane does cause an increase in T S , however it also causes the structural transition to smear in temper ature [31, 32] . This is the opposite to what we observe with annealing; either the stress is increased and both T S and the smearing are increased, or the stress is reduced and T S decreases with the structural transition becoming sharper. Even so, additional studies into the effects of annealing on BaFe 2 As 2 crystals that have been decanted from their FeAs flux would provide a useful insight.
Conclusions
In conclusion, we have studied the effects of post growth annealing on the structural and magnetic properties of the pnictide BaFe 2 As 2 . Our results show that annealing at 700 °C causes the ordering temperatures of both the structural and magn etic phase transitions to increase and converge, culminating in 46 d of annealing where they are coincident to less than 0.1 K.
Thus the 46 d annealed BaFe 2 As 2 undergoes a single firstorder phase transition from a tetragonal-paramagnetic phase to a orthorhombic-antiferromagnetic phase, without the transition to the intermediate orthorhombic-paramagnetic phase. Therefore annealing for long periods of time causes the system to cross a hitherto undiscovered tricritical point. This result can be explained by a change in the sample's elastic properties [20] . We argue that the hypothesis of annealing-induced changes in the defect/dopant densities, provides the best explanation of the experimental results presented in this paper and elsewhere [18] , and therefore is the most likely method by which annealing changes the elastic properties of BaFe 2 As 2 . Finally, we argue that the phase diagram in the immediate vicinity of the pure system's tricritical point requires further investigation, both experimental and theoretical.
